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Abstract Recent observations report the worldwide inci-
dence of leaf-feeding grape phylloxera in formerly resis-
tant scions of commercial vineyards. To analyze the ge-
netic structure of leaf-feeding phylloxera, we performed
an extensive sampling of leaf-feeding phylloxera popula-
tions in seven regions (Bcantons^) in Switzerland and
Germany. The use of polymorphic microsatellite markers
revealed presence of 203 unique grape phylloxera
multilocus genotypes. Genetic structure analyses showed
a high genetic similitude of these European samples with
phylloxera samples from its native habitat on Vitis riparia
(northeastern America). Nevertheless, no genetic structure
within the European samples was observed, and neither
host, geography nor sampling date factors caused clear
effects on phylloxera genetic stratification. Clonality was
high in commercial vineyards and leaf-feeding grape
phylloxera strains were found to be present in scion leaves
and rootstock roots in the same vineyard, potentially
indicating migration between both habitats. We found
indications of sexual reproduction, as shown by high
degrees of genetic variation among collection sites.
Keywords Genotype . Grapevine .Microsatellites .
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Introduction
Grape phylloxera (Daktulosphaira vitifoliae Fitch) is
among the most important viticultural pests. The roots
of the European grapevine (Vitis vinifera L.) are highly
susceptible to this insect, which caused the devastation of
many own-rooted vineyards when introduced into Eu-
rope in the nineteenth century. Farmers managed the pest
by the subsequent use of partially-resistant American
non-vinifera Vitis species or hybrids, as rootstocks. As
an introduced pest, grape phylloxera can be commonly
found nowadays in commercial vineyards, both feeding
on roots of partially resistant rootstocks and leaves of
partially resistant grapevine cultivars (Powell et al.
2013; Griesser et al. 2015). Recent reports show the
incidence of leaf-feeding phylloxera on leaves of both
partially resistant and formerly resistant vines (Bao et al.
2014; Fahrentrapp et al. 2015; Forneck et al. 2016). The
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vitality and lifespan of vineyards infested by root-feeding
phylloxera (later on termed Bphylloxerated^) depend on
many factors, including rootstock origin, phylloxera bio-
type and population density, soil type, vineyard manage-
ment practices and diverse abiotic and biotic stress factors
(see Powell et al. 2013). Grape phylloxera can generate
large economic losses to vine growers (Folwell et al.
2001), which emphasizes the need to identify and mon-
itor strain diversity and seasonal population changes in
commercial vineyards. Population genetic studies can
provide insights into the evolution of reproduction
modes, adaptive strategies of aphid species in
agroecosystems, and the influence of environmental and
anthropogenic factors on the genetic diversity and struc-
ture of aphid populations (Dixon 1977). Population ge-
netic studies also facilitate the design and optimization of
sustainable pest management strategies, such as effective-
ly assessing and controlling grape phylloxera infestation
levels (Benheim et al. 2012). They also play a key role in
quarantine strategies (Clarke et al. 2017) and in the
determination of vineyard value (Benheim et al. 2012).
Leaf-feeding phylloxera biotypes may cause damage
in commercial vineyards, especially if phylloxera abun-
dance is high early in the season. The phylloxera life
cycle exists in many variants (reviewed in Forneck and
Huber 2009). The most common life cycle in Europe
begins in springtime with either the fundatrix hatching
from an overwintering egg (holocycle) or by the first
instar larva (hibernales) migrating from roots to leaves
and inducing galls. During the grapevine vegetative cy-
cle, both leaf- and root-feeding larvae reproduce asexual-
ly and reach up to 4–5 generations per season (Forneck
et al. 2001). Toward the end of the season, alate nymphs
produce sexual adults (sexuales) whichmate, and a single
egg (the overwintering egg) is laid by the female. Grape
phylloxera feeds on partially-resistant rootstocks, estab-
lishing an infestation level that may affect the vigor and
longevity of the vine, but rarely results in plant death
(Benheim et al. 2012). Nevertheless, fatal plant effects
have been occasionally observed in the case of infestation
by phylloxera-devastating ‘superclones’, as found for
‘superclones’ G1 and G4 in Australian vineyards
(Corrie et al. 2002). Phylloxerated vineyards may pro-
duce losses if only partially resistant rootstocks are cho-
sen but, in general, root-feeding phylloxera is successful-
ly managed by appropriate rootstock selection.
In regions where interspecific grape hybrids
(V. vinifera x American Vitis species) are traditionally
grown for either conventional or organic wine
production (like Léon Millot or Maréchal Foch hy-
brids), high infestation rates on the leaves are frequent-
ly observed (Fahrentrapp et al. 2015; Jubb 1976).
Prevailing reports also indicate a heavy incidence of
leaf-galling phylloxera on V. vinifera cultivars, in an
increasing random frequency throughout diverse
winemaking regions worldwide. In this sense,
phylloxeration has been observed in the canopies of
some V. vinifera cultivars (e.g. Riesling, Chasselas,
Chardonnay, Müller Thurgau, Cabernet Sauvignon
and Viognier) in Germany (e.g. Forneck et al. 2017a),
Switzerland (Fahrentrapp et al. 2015), Austria
(Könnecke et al. 2010), Uruguay, Brazil, Peru (Vidart
et al. 2013) and Australia (Powell, K.S. Pers. Comm.).
The reasons for the increasing infestation rates on
leaves of V. vinifera cultivars and interspecific hybrids
are unknown. Environmental factors, related to climate
change conditions, as well as changes in vineyard man-
agement practices, have been discussed (Powell et al.
2003). The general decline of pesticide use in grape
production, and changes towards intensive leaf manage-
ment practices may provide a more favorable environ-
ment for leaf galling. Elevated soil temperatures and the
lack of strong winter frost events may increase the
survival of hibernating phylloxera instars leading to
more abundant spring population densities. In years
with early bud-break, the first reproducing generation
of phylloxera have been observed by April in Austria
(Forneck et al. 2017b pers. observation). As the number
of generations increase, the population size expands
both on leaves and roots, allowing establishment of
multi-annual grape phylloxera populations in commer-
cial vineyards. Phylloxera populations capable of feed-
ing on rootstock roots and scion leaves can be classified
in a series of defined biotypes (A-G), based on phyllox-
era - host plant interaction (Forneck et al. 2016). To date
it is unclear whether these populations rise from hybrid-
ization, mutation, or if they are the result of new intro-
ductions. Although the actual effects of leaf infestation
in commercial vineyards have not been systematically
analyzed yet, it is likely to cause long-term economic
losses to grape growers by reducing crop yield or
through potential negative effects on wine quality.
This study aims to evaluate, for the first time, the
genetic structure of leaf-feeding grape phylloxera pop-
ulations in commercial vineyards of Central Europe by
extensively sampling phylloxera populations in diverse
regions (Bcantons^) of Switzerland and Germany. Here,
we tested if there was a link between phylloxera
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populations and plant host and/or edafo-climatic condi-
tions in the vineyards. Results also provide novel infor-
mation on phylloxera mode of reproduction. Finally, we
add further evidence on the origin of the grape phyllox-
era population present in Central Europe by comparing
our genotypes with previously reported strains from
natural and introduced ranges.
Material and methods
European grape phylloxera sampling in commercial
vineyards
Leaf and soil emerged D. vitifoliae samples were col-
lected as described previously (Fahrentrapp et al. 2015).
In brief, commercial vineyards from 29 sampling sites
throughout Switzerland and Germany wine-producing
regions were selected (Fig. 1 and Table 1). Leaf gall
samples were collected in 2013 and 2015 from May to
October by detaching whole leaves from vineyard can-
opies and storing them at −20 °C until further analyses.
Based on Powell et al. (2009), we used emergence traps
for soil-emerging phylloxera collection, which were
removed from soil after 2–4 weeks and rinsed with
ethanol (70%). D. vitifoliae individuals were then col-
lected and stored in ethanol at 2 °C until further pro-
cessing. In total, 335 individuals were collected and
considered in this study.
European grape phylloxera genotyping
Adult phylloxera individuals were individually finely
ground with sterile plastic pestles in 200 μl of 5%
Chelex BT 100 (BioRad, USA) solution for genomic
DNA extraction. Ground samples were incubated at
90 °C for 20 min with frequent mixing, then thoroughly
vortexed, centrifuged for 10 min, and 100 μl of the
Fig. 1 Sampling sites of grape phylloxera populations. 1:
Nordweil; 2: Ebringen; 3: Batzenberg; 4: Hallau; 5: Rudolfingen;
6: Rafz; 7: Iselisberg; 8: Klingau; 9: Magden; 10: Maisprach; 11:
Freienstein; 12: Dattlikon; 13: Aesch; 14: Reinach; 15: Leymen; 16:
Regensberg; 17: Schinznach-Dorf; 18: Oberflachs; 19:Wildegg; 20:
Quinten; 21: Twann; 22: Ligerz; 23: La Neuveville; 24: Sargans; 25:
Malans; 26: Pully; 27: Nyon; 28: Malvaglia; 29: Novazzano
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Table 1 Sampling design and detailed information on European grape phylloxera samples
N Sampling date Feeding site Country, Region Sampling site Host plant
4 12.07.2013 L Switzerland, Aargau Klingau 33091
5 16.07.2013 L Switzerland, Aargau Wildegg Maréchal foch3
4 16.07.2013 R Switzerland, Aargau Wildegg Maréchal foch3
5 16.07.2013 L Switzerland, Aargau Schinznach-Dorf Léon Millot3
6 16.07.2013 R Switzerland, Aargau Schinznach-Dorf Léon Millot3
5 22.07.2013 L Switzerland, Aargau Oberflachs Triomphe d’Alsace3, Léon Millot3,
Baco noir3, Maréchal foch3
18 22.07.2013 R Switzerland, Aargau Oberflachs Triomphe d’Alsace3, Léon Millot3,
Baco noir3, Maréchal foch3
5 06.08.2013 L Switzerland, Aargau Maisprach VB 32–73
2 06.08.2013 R Switzerland, Aargau Maisprach 5BB1
5 06.08.2013 L Switzerland, Aargau Magden VB 32–73
3 06.08.2013 R Switzerland, Aargau Magden 5BB1
5 06.08.2013 L Switzerland, Aargau Magden VB Cabernet Jura 5–013
2 06.08.2013 R Switzerland, Aargau Magden VB Cabernet Jura 5–013
5 17.06.2013 L Switzerland, Basel Reinach Maréchal foch3
5 17.06.2013 L Switzerland, Basel Leymen Triomphe d’Alsace3
4 09.07.2013 L Switzerland, Basel Aesch Maréchal foch3
5 09.07.2013 L Switzerland, Basel Aesch Léon Millot3
5 18.07.2013 L Switzerland, Graubünden Malans Léon Millot3
5 18.07.2013 L Switzerland, Graubünden Malans Léon Millot3
5 18.07.2013 L Switzerland, Graubünden Sargans Maréchal foch3
4 08.08.2013 L Switzerland, Graubünden Quinten Seyval Blanc3
5 08.08.2013 L Switzerland, Graubünden Quinten Baco noir3
3 12.08.2013 L Switzerland, Tessin Novazzano Chardonnay2
5 12.08.2013 L Switzerland, Tessin Malvaglia Chardonnay2
4 12.08.2013 L Switzerland, Tessin NA Madeira2
4 26.07.2013 L Switzerland, Waadt Pully Léon Millot3
3 12.09.2013 L Switzerland, Waadt Twann Unknown Rootstock1
5 12.09.2013 L Switzerland, Waadt Ligerz Maréchal foch3, Triomphe d’Alsace3
5 12.09.2013 L Switzerland, Waadt La Neuveville Seyval Blanc3
2 11.09.2013 L Switzerland, Waadt Twann Maréchal foch3, Léon Millot3
7 18.10.2013 L Switzerland, Waadt Nyon Unknown Rootstock1
5 24.06.2013 L Switzerland, Zürich Freienstein Maréchal foch3
7 24.06.2013 R Switzerland, Zürich Freienstein Maréchal foch3
5 11.07.2013 L Switzerland, Zürich Rudolfingen Maréchal foch3
10 11.07.2013 R Switzerland, Zürich Rudolfingen Maréchal foch3
5 11.07.2013 L Switzerland, Zürich Rudolfingen Léon Millot3
10 11.07.2013 R Switzerland, Zürich Rudolfingen Léon Millot3
6 11.07.2013 L Switzerland, Zürich Iselisberg Léon Millot3/5BB1
10 11.07.2013 R Switzerland, Zürich Iselisberg Léon Millot3/5BB1
5 26.07.2013 L Switzerland, Zürich Hallau Léon Millot3/5BB1
5 26.07.2013 R Switzerland, Zürich Hallau Léon Millot3/5BB1
5 30.07.2013 L Switzerland, Zürich Dättlikon Léon Millot3
5 30.07.2013 R Switzerland, Zürich Dättlikon Léon Millot3
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supernatant was transferred into a new tube. The Chelex
BT-based extract was mixed with 10 μl of 3 M sodium
acetate solution and 100 μl of isopropanol, and kept
overnight at −20 °C for DNA precipitation. Samples
were centrifuged at 500×g for 5 min, and DNA pellets
were washed with 70% ethanol, followed by the addi-
tion of 100 μl of 1X TE buffer (Forneck et al. 2017a). A
set of seven highly polymorphic SSR markers
(Phy_III_55, Phy_III_30, Phy_III_36, Dvit6, DV4,
DV8 andDVSSR4 (Forneck et al. 2017a)) were selected
and analyzed in the 335 phylloxera samples. Polymer-
ase chain reaction (PCR), separation of fragments and
allele calling was performed following the procedures
detailed in Riaz et al. (2017) and Forneck et al. (2017a).
In every set of samples, six control genotypes were
included to keep allele calling (Forneck et al. 2017a).
The analysis revealed the presence of 203 unique grape
phylloxera multilocus genotypes (MLGs).
Native grape phylloxera data
Available SSR data from 502 grape phylloxera MLGs
were obtained from Lund et al. (2017) for comparison
with international data. This dataset mainly corresponds
to samples collected from grape phylloxera’s native
range (USA), but also includes some samples from
introduced ranges of Argentina (2), Brazil (3), Califor-
nia (5), Peru (3), Uruguay (4), Austria (7) and Hungary
(8). Within the set of markers used to identify such
MLGs, and to allow a joint analysis with the European
samples, we focused on the analysis of 4 SSRs
(Phy_III_55, Phy_III_30, Phy_III_36, Dvit6).
Data analysis
Phylloxera population structure was analyzed using the
model-based clustering method implemented in
Table 1 (continued)
N Sampling date Feeding site Country, Region Sampling site Host plant
5 30.07.2013 L Switzerland, Zürich Regensberg Léon Millot3
5 30.07.2013 R Switzerland, Zürich Regensberg Léon Millot3
5 30.07.2013 L Switzerland, Zürich Regensberg Maréchal foch3
4 30.07.2013 R Switzerland, Zürich Regensberg Maréchal foch3
5 04.09.2013 L Switzerland, Zürich Rafz Maréchal foch3
1 04.09.2013 R Switzerland, Zürich Rafz Maréchal foch3
4 04.09.2013 L Switzerland, Zürich Rafz Léon Millot3
3 04.09.2013 L Switzerland, Zürich Hallau Unknown Rootstock1
1 29.07.2015 L Germany, Baden Batzenberg Cabernet Sauvignon2, Muscaris3
1 11.08.2015 L Germany, Baden Batzenberg Cabernet Sauvignon2, Muscaris3
3 09.06.2015 L Germany, Baden Batzenberg Cabernet Sauvignon2, Muscaris3
6 13.07.2015 L Germany, Baden Batzenberg Cabernet Sauvignon2, Muscaris3
1 06.07.2015 L Germany, Baden Ebringen Maréchal foch3, Léon Millot3
3 28.07.2015 L Germany, Baden Ebringen Maréchal foch3, Léon Millot3
3 01.09.2015 L Germany, Baden Ebringen Maréchal foch3, Léon Millot3
5 09.06.2015 L Germany, Baden Ebringen Maréchal foch3, Léon Millot3
4 13.07.2015 L Germany, Baden Ebringen Maréchal foch3, Léon Millot3
5 28.07.2015 L Germany, Baden Ebringen Maréchal foch3, Léon Millot3
1 18.05.2015 L Germany, Baden Ebringen Maréchal foch3, Léon Millot3
5 28.07.2015 L Germany, Baden Ebringen Maréchal foch3, Léon Millot3
10 07.07.2015 L Germany, Baden Nordweil Maréchal foch3, Léon Millot3
27 31.07.2015 L Germany, Baden Nordweil Maréchal foch3, Léon Millot3
335
Table includes data on the total numbers of samples per site (N), sampling date, feeding site (leaves, L or roots, R), location (country, region,
sampling site) and host plant (1 rootstock, 2Vitis vinifera L., 3 interspecific hybrid). NA, not available
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STRUCTURE v.2.3 (Pritchard et al. 2000) in the whole
set of unique European and American phylloxera MLGs.
As stated above, this method was run on the basis of four
SSR markers (Phy_III_55, Phy_III_30, Phy_III_36 and
Dvit6) genotyped in both datasets, and assuming an
admixture model with uncorrelated allele frequencies.
The model was tested in a number of hypothetical genetic
groups (K) ranging from 1 to 15, and each run was
replicated 10 times to assess the consistency of the results,
using a cycle of 250.000 burn-in steps followed by
500.000Markov Chain Monte Carlo iterations. The most
probable number of genetic groups was assessed follow-
ing the ΔK criteria (Evanno et al. 2005) using STRUC-
TURE HARVESTER (Earl 2012). Phylloxera MLGs
were assigned to a genetic group considering a member-
ship coefficient over 0.95; otherwise, genotypes were
considered as Badmixed^. The same procedure was ap-
plied to the set of European MLGs, but using the seven
SSR markers previously listed.
In parallel, a principal component analysis was per-
formed by means of the DARwin software (Perrier and
Jacquemoud-Collet 2006). Allele frequencies, mean
number of alleles per locus, observed heterozygosity
(Ho) and unbiased estimates of heterozygosity expected
under Hardy-Weinberg assumptions (He) were calculated
as previously indicated (Forneck et al. 2015). Clonal
diversity (k) within populations was calculated for each
population as k =G/N, where G is the number of different
multilocus genotypes present in the sample and N is the
sample size. Psex values were calculated with geneClone
2.0 software for every multicopy genotype in each pop-
ulation. Thresholds for Psex values were estimated for
each population from Monte Carlo simulations. Signifi-
cant Psex values indicate that multicopy genotypes are
statistically overrepresented in a population and therefore,
they are probably the result of clonal amplification. Fis
values were included as a measure of inbreeding.
Results
Genetic structure: European vs. native grape phylloxera
range
To generate a grouping according to descent, the 335
European samples obtained in this work were combined
with a set of 502 phylloxera genotypes (470 native
American genotypes and 32 phylloxera genotypes col-
lected from various habitats in the introduced regions of
Argentina (2), Austria (7), Brazil (3), California (5),
Hungary (8), Peru (3), Uruguay (4)), previously ana-
lyzed in Lund et al. (2017). As a result, a global dataset
of 837 phylloxera samples was created containing ge-
netic information at four SSR loci. STRUCTURE anal-
ysis andΔK criteria clearly suggested the most probable
existence of two genetic groups (k1 and k2) within the
837 phylloxera samples analyzed. The majority (717
samples) were associated with one of two genetic
groups (membership coefficient over 0.95), whereas
120 individuals were identified as Badmixed^. Accord-
ing to this clustering, 99.7% of the individuals assigned
to k1 were from North America (native habitat) from
Vitis species like V. arizonica, V. vulpina, V. cinerea or
V. labrusca, whereas the other genetic group (k2) was
composed by the great majority of samples from the
European commercial vineyards genotyped in this study
(99.1%), samples from V. riparian host plants of the
northeastern native range (sampled in Arizona, Indiana,
Maine, New York, and Pennsylvania states), and most
of the phylloxera genotypes sampled in diverse intro-
duced regions (Fig. 2). This general grouping was con-
firmed by PCA results, where these two main genetic
groups could be easily differentiated (Fig. 3).
Genetic diversity of European leaf-feeding grape
phylloxera populations in commercial vineyards
After this general analysis, we focused on the detailed
analysis of the 335 European grape phylloxera indi-
viduals obtained from commercial vineyards, which
were genotyped by the use of seven SSR markers.
Our aim was to analyze the genetic structure of these
samples considering their geographical origin, host
plant and feeding site (leaf/root), as shown in Table 1.
In contrast to the strong stratification observed among
native American vs. V. riparian + European samples,
no population structure was observed when analyzing
the European samples within the large range of the 15
hypothetical genetic groups tested, and no effect of
geographical origin, feeding site (leaf/root) or host
plant factors were identified. The latter result is con-
sistent with those previously reported by Forneck et al.
(2000) and Yvon and Peros (2003), who did not detect
any significant effect of the host on phylloxera geno-
types grouping.
Genetic data revealed high genetic diversity, yet most
parameters indicate clonal propagation of the analyzed
populations (Table 2). The average number of alleles per
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locus in the Swiss and German phylloxera populations
ranged from 3.00 (Tessin) to 5.13 (Zürich). The ob-
served heterozygosity of each subset of samples (Ho)
ranged from 0.45 to 0.58, while the expected heterozy-
gosity values (He) ranged from 0.50 to 0.58. For 9 of the
11 sites, He was greater than Ho. Tests of the Hardy-
Weinberg equilibrium showed the presence of an excess
of heterozygosity (Fis < 0) in some of the populations.
The Fis values observed in the commercial vineyard
populations are less (negatively) consistent within pop-
ulations than those previously reported in studies
performed in Bsemi-native habitats^, including aban-
doned rootstock areas with extensive leaf galling popu-
lations, research grapevine collections or rootstock nurs-
eries (Forneck et al. 2015; Vorwerk and Forneck 2007).
MLGs were observed in each sampling region (Supple-
ment Table 1), indicating anholocyclic reproduction in
commercial vineyards on both leaves and roots. The
probability of independently produced repeated geno-
types by sexual reproduction was determined through
the calculation of Psex values in MLG simulations,
obtaining values generally considered as low (Table 2).
Fig. 2 Population structure of the 837 grape phylloxera sam-
ples included in this study based on STRUCTURE results. In
A, every individual is shown as a vertical line, whose color
indicates its origin: native range (yellow), Germany and Switzer-
land (brown) and introduced range (white) In B, individuals are
also graphically represented by a vertical line, divided in colored
segments according to the proportion of estimated membership in
k1 (blue) and k2 (red). The optimal number of genetic groups (K =
2, k1 and k2) was established according to ΔK criteria. Accord-
ingly, 305 and 412 samples are assigned to k1 and k2, respectively.
Individuals from the native and introduced ranges were obtained
from Lund et al. (2017)
Fig. 3 Principal component
analysis of American and
European grape phylloxera
samples. The variance explained
by the first two factors is indicated
(%). Samples attributed to k1 are
indicated in blue, and to k2 in red.
Admixed individuals are
indicated in gray
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The individuals sampled in the Zürich region formed the
largest population in our work (N = 110), and its analysis
provided arguments (positive Fis values, highest allele
frequencies, lowest Psex values) to support the existence
of sexual reproduction events.
MLGs of leaf- vs. root-feeding populations
To elucidate the origin of the leaf-feeding grape phyl-
loxera populations, we performed a detailed population
genetic analysis on the MLGs identified therein.
Sampling-site specific MLGs were detected in all the
vineyards analyzed, and the list of the 28 MLGs with
more than four repeats (out of five samples) are depicted
in Supplement Table 1. Considering the whole set of
individuals sampled (335), 40.3% (135 individuals)
belonged to such MLGs.
To assess the existence of migrating MLGs among
feeding habitats (leaves and roots) within vineyards, we
focused on the analysis of samples from Zürich and
Aargau, as these regions have been extensively studied
(110 and 69 samples in Zürich and Aargau, respective-
ly). MLGs 1, 2, 9 and 10 were found in both roots and
leaves on grafted interspecific vines (Supplement
Table 1). Other MLGs (15 and 16, or 4 and 5) were
found to co-exist in the same vineyard, but they were
found to feed separately on plant roots (MLGs 4 and 16)
or leaves (MLGs 5 and 15). No migration was found
between neighboring rootstock leaf habitats and either
root- or leaf-feeding vineyards. For the first time, we
report phylloxera MLGs migrating from root to leaf (or
vice versa), with several examples in some Swiss com-
mercial vineyards. For example, we found a commercial
vineyard on Léon-Millot/unknown rootstock in
Oberflachs (Aargau, sampling site AG40) with a high
level of infestation (R = 18 vs. L = 5) in which a phyl-
loxera MLG (MLG13) was present in both roots (4
samples) and leaves (5 samples). Similarly, in a
Maréchal Foch/125AA (R = 5, L = 5) vineyard in
Regensberg (ZH45, Zürich) we found that MLG26
was present in roots (4 samples) and leaves (4 samples).
A third MLG (MLG44) was found both in the leaves (4
samples) and roots (1 sample) of a Léon Millot/
unknown rootstock vineyard from Regensberg (ZH44).
Discussion
The likely patterns of the introductions of phylloxera into
worldwide viticulture regions from its native habitat have
Table 2 Genetic diversity parameters for grape phylloxera populations obtained in 9 Swiss (CH) and German (DE) regions
Basel
(CH) L
Graubünden
(CH) L
Tessin
(CH) L
Waadt
(CH) L
Zürich (CH)
L + R
Aargau
(CH) L +R
Batzenberg
(DE) L
Nordweil
(DE) L
Ebringen
(DE) L
Individuals 19 28 12 26 110 69 11 37 27
Distinct genotypes 15 8 9 17 74 39 7 18 16
G/N 0,79 0,29 0,75 0,65 0,67 0,52 0,64 0,49 0,59
Repeated Genotypes 2 6 3 2 17 13 1 5 5
Significant Psex 2 5 3 1 12 12 1 4 4
Mean no. of alleles 4 3.286 3 4 5286 4 3667 3571 4
Mean Hobs 0,581 0,536 0,523 0,563 0,501 0,520 0,571 0,548 0,580
Mean HE 0,581 0,540 0,501 0,569 0,563 0,562 0,599 0,549 0,546
Fis per locus -MCG
Dvit6 −0,054 −0,234 −0,023 −0,307 0,074 −0,028 0,196 −0,332 −0,231
DV4 −0,056 −0,056 −0,325 −0,026 0,042 −0,104 0,222 0,151 0,761
DV8 0,002 −0,083 0,168 −0,080 0,005 −0,035 0,153 0,069 −0,118
DVSSR4 −0,255 0,080 −0,279 −0,178 0,031 0,237 −0,051 −0,087 −0,208
PhyIII30 0,197 0,024 −0,146 0,247 0,210 −0,036 −0,305 0,700 −0,103
PhyIII36 0,358 −0,175 0,363 0,198 0,066 0,133 0,524 −0,111 −0,024
PhyIII55 −0,145 1000 0,441 −0,086 0,145 −0,007 1000 −0,005 −0,276
Fis multilocus -MLG 0,007 0,080 0,028 −0,033 0,082 0,023 0,248 0,055 −0,028
L and R indicates leaves and roots, respectively
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been extensively analyzed by different authors using
diverse genetic markers, including mitochondrial
(Downie 2002) and nuclear polymorphisms (Forneck
et al. 2000; Lund et al. 2017; Riaz et al. 2017). Whereas
phylloxera populations from Vitis species like V. vulpina
and V. arizonica are suggested to be the more likely
source of introductions into viticulture regions like Cali-
fornia (USA), South Africa, Australia, New Zealand and
South America (Arancibia et al. 2018; Downie 2002;
Lund et al. 2017), there is a general agreement that all
European phylloxera introductions are likely to come
from northeastern American populations, where
V. riparia dominates (Downie 2002). Our results confirm
such findings, in which most of the European genotypes
from Swiss and German commercial vineyards are
grouped together with phylloxera samples from the north-
eastern native range from V. riparia plants.
Aphid populations are composed of a small number of
high frequency clones, and many low frequency (rare)
genotypes (Harrison andMondor 2011). In a recent report,
Bao et al. (2014) have evaluated phylloxera genetic diver-
sity in Uruguay through the screening of 75 leaf-feeding
phylloxera from thirteen different regions (including semi-
native habitats, nurseries and commercial vineyards),
whichwere genotyped at four SSR loci. Similarly, Forneck
et al. (2015) evaluated the genetic diversity of 315 leaf-
feeding D. vitifoliae samples from semi-natural habitats
throughout Austrian viticulture regions. Both studies show
high degrees of genetic diversity, and population genetic
parameters showed the predominant occurrence of asexual
reproduction. In addition, none of these two works report
the existence of phylloxera ‘superclones’ (MLGs with an
outstanding capacity to predominate in a specific region
and persist on time). This was expected, since the habitats
chosen for these works were either semi-natural habitats
(Forneck et al. 2015) or a mixture of nurseries, commercial
vineyards or natural habitats (Bao et al. 2014), and thus not
comparable to the suggested ‘superclone’ habitat
(Vorburger et al. 2003). Here as well, no dominating
MLG has been found (Supplement Table 1). As a result,
no phylloxera leaf-feeding ‘superclone’ candidate has been
identified within the Swiss and German commercial
vineyards analyzed. Migration of phylloxera (based on
genotypes) between locations has rarely been shown in
semi-natural habitats in South America, Asia and Europe
(e.g. Bao et al. 2014; Forneck et al. 2015; Sun et al. 2009;
Vorwerk and Forneck 2007), and our results confirm these
findings. NoMLGswere sampled inmultiple vineyards or
regions, with the exception of MLG7, which was found in
vineyards of Quinten (Graubünden) and Malvaglia (Tes-
sin). Further studies aimed to analyze the localmigration of
phylloxera MLGs between adjacent plots by viticultural
machinery and/or wind drift should be done to add evi-
dence in short-distance dispersal mechanisms.
Previous population studies on D. vitifoliae in Europe
showed two distinct genetic groups that correlated with
their geographical location (northern and southern Eu-
rope), suggesting that selective forces could have favored
the development of different phylloxera strains adapted to
specific edafo-climatic conditions in northern and southern
Europe (Forneck et al. 2000). The northern European
group shows higher genetic diversity, and shows similitude
with phylloxera genotypes from northeastern native habi-
tats (Downie 2002). On the other hand, the southern
European group has not been clustered to phylloxera ge-
notypes sampled from a specific habitat. Here, all the
sampling was performed above parallel 43°, in regions
often referred to as the northern group (Forneck et al.
2000). As a result, we did not find any significant
subgrouping among the European samples from commer-
cial vineyard habitats, possibly due to the homogeneity of
the environmental conditions of the regions sampled. Nev-
ertheless, additional bottlenecks coming from planting
strategies and distribution of (symptomless but infested)
plant material as well as other further yet unknown factors
may have affected phylloxera population structure.
Early introductions, together with rare sexual events,
viticultural practices (plantings) or human-mediated
transportation were responsible for the dissemination of
phylloxera populations in the late nineteenth century in
Europe, which lead to the adoption of new cultural prac-
tices in commercial vineyards (grafting). In recent years,
potentially driven by diverse anthropogenic pressures
(including global climate change effects and vineyard
management systems), have caused an increment in the
number of D. vitifoliae populations feeding on the leaves
of grapevine scions. Here, we observed a high degree of
genetic diversity within D. vitifoliae populations in com-
mercial vineyards and we report that leaf-feeding
D. vitifoliae in commercial vineyards can migrate from
rootstock roots to scion leaves (and/or vice versa), estab-
lishing specific MLGs in each vineyard. Nonetheless, a
dominating MLG (or ‘superclone’) has not been identi-
fied throughout the commercial vineyards from Switzer-
land and Germany analyzed in this work. No genetic
structure was found within the European vineyards ana-
lyzed, and no conclusions regarding the impact of host
plant (rootstock or scion), spatial range or elevation on
Eur J Plant Pathol
phylloxera stratification could be made. This may be due
to the limited set of samples, or the limited number of
SSR markers used, which might have hampered the
detection of effective alleles.
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